Carotenoid pigments are terpenoids produced in the general isoprenoid biosynthetic pathway. In addition to acting as quenchers of potentially toxic oxygen radicals (8) , carotenoids play an important role in photosynthesis as light-gathering pigments. This dual role is carried out efficiently as a result of specific attachments to reaction center and light-harvesting pigment proteins. A complete description of the role of carotenoids in the assembly and function of photosynthetic complexes and the coordination of pigment biosynthetic pathways with membrane protein insertion requires a high level of structural and spectroscopic information as well as the availability of molecular genetic techniques. In these respects, Rhodobacter sphaeroides is an ideal model system; for example, studies of light-harvesting processes are easy to carry out since this bacterium is genetically well defined and there is a crystallographically determined structure for the reaction center (2, 11) as well as a great deal of spectroscopic information which has contributed to the proposed models for the light-harvesting complexes (25, 28, 36, 59) .
In R. sphaeroides, the carotenoid biosynthesis genes are clustered, as in the closely related bacterium Rhodobacter capsulatus (47, 58) , and are flanked by the bacteriochlorophyll biosynthesis genes within a 45-kb region of photosynthesis-related genes (14) (Fig. 1A) . The carotenoid biosynthetic pathway in Rhodobacter species is shown in Fig. 1C . The first enzyme assigned to this pathway is geranylgeranyl pyrophosphate (GGPP) synthase, encoded by the crtE gene (33, 39) . GGPP synthase is not exclusively a carotenoid biosynthesis enzyme since GGPP is synthesized as part of the general isoprenoid biosynthesis pathway and, in addition to carotenoids, is the precursor for other compounds such as phytol, diterpenes, and ubiquinones (8) .
The first committed step for carotenoid biosynthesis is the condensation of two molecules of GGPP to yield phytoene. This is a two-step reaction catalyzed by the bifunctional enzyme CrtB (10, 17, 33, 39) . The CrtI enzyme in R. sphaeroides then catalyzes the sequential desaturation of phytoene to yield neurosporene (21, 31) . Subsequent hydration reactions are catalyzed by the product of the crtC gene and desaturations by the product of the crtD gene (42, 55) . The CrtF enzyme has been shown to be responsible for the O methylation of carotenoids to yield methoxyneurosporene and spheroidene (42) , and the CrtA enzyme catalyzes the oxygenation of spheroidene and hydroxyspheroidene to yield spheroidenone and hydroxyspheroidenone, respectively. The crtK gene product has not yet been assigned a function, although Armstrong et al. (3) propose that it is involved, along with CrtC, in the hydration of neurosporene.
In this report, we present sequence analysis of the carotenoid gene cluster in R. sphaeroides together with a base-specific Tn5 insertion map and spectroscopic, ultrastructural, and highpressure liquid chromatography (HPLC) analyses of the mutants used. The initial stages of the pathway, up to and including the desaturation of phytoene, are common to all organisms that synthesize carotenoids de novo and have been studied intensively in a number of organisms, including tomato, Erwinia spp., and R. capsulatus. The entire carotenoid gene cluster has been sequenced in R. capsulatus (3) , and the crtD gene has been sequenced in R. sphaeroides (20) . However, the molecular biology of the carotenoid biosynthetic pathway is not well characterized and although the basic arrangement of the carotenoid biosynthesis genes in R. sphaeroides is very similar to that of R. capsulatus, we have found a number of highly significant differences, including control of gene expression, the existence or absence of certain operons, possible regulatory effects on bacteriochlorophyll biosynthesis, and some interesting differences in the deduced protein sequences.
MATERIALS AND METHODS
Media and antibiotics. Escherichia coli strains were grown at 37ЊC in LuriaBertani medium (38) . R. sphaeroides strains were grown in M22ϩ medium (23a); liquid cultures were supplemented with 0.1% Casamino Acids. These cultures were grown at 34ЊC, aerobically or semiaerobically in the dark or photosynthetically in 30-ml screw-cap bottles at a light intensity of 10 W m
Ϫ2
. Antibiotics were used at the following concentrations (in micrograms per milliliter): E. coli, 200 (ampicillin), 30 (kanamycin), and 10 (tetracycline); and R. sphaeroides, 20 (kanamycin) and 1 (tetracycline).
Bacterial strains and plasmids. The bacterial strains and plasmids used in this work are listed in Table 1 . DNA manipulation and Southern blot analysis were performed as described by Sambrook et al. (38) .
DNA sequencing and sequence analysis. Construction of sequencing clones and deletion constructs is detailed elsewhere (30) . Sequencing reactions were carried out on a double-stranded DNA template, prepared by using the Promega Wizard Miniprep kit. The dideoxynucleotide chain termination method of DNA sequencing was employed (40) , using the United States Biochemical Corporation Sequenase version 2.0 7-deaza kit and ␣-35 S-dATP (Amersham International Plc.). DNA and deduced amino acid sequences were analyzed by using the Wisconsin Genetics Computer Group program package (16) .
ICM preparation and low-temperature absorption spectroscopy. R. sphaeroides cultures were grown under semiaerobic conditions in the dark at 34ЊC.
Cells were disrupted in a French pressure cell at 18,000 lb/in 2 , and cell-free intracytoplasmic membrane (ICM) fractions of R. sphaeroides strains were isolated by passage through a discontinuous (15%:40% [wt/wt]) sucrose gradient in a method adapted from that of Fraley et al. (19) . Low-temperature (77 K) absorption spectra were measured on isolated ICM, using a liquid nitrogen cryostat (Oxford Instruments).
Electron microscopy. Cell samples were fixed overnight in 3% glutaraldehyde-0.1 M potassium phosphate (pH 7.4). After being washed in 0.1 M potassium phosphate (pH 7.4), the material was fixed for a second time in 2% aqueous osmium tetroxide for 4 h and then progressively dehydrated with 75% ethanol, 95% ethanol, 100% ethanol, ethanol-propylene oxide (50:50 [vol/vol] ), and 100% propylene oxide. The sample was then infiltrated with Spurr resin (Agar Scientific) and polymerized at 60ЊC for 17 h. Thin sections, cut with a microtome, were stained with saturated alcoholic uranyl acetate and Reynolds lead citrate and examined in a Philips CM10 transmission electron microscope.
HPLC analysis. The carotenoid compositions of whole cells and cell extracts were determined as described by Takaichi and Shimada (46) . The pigments were extracted with chloroform-methanol (3:1 [vol/vol]) and filtered through a Hewlett-Packard membrane filter. They were then analyzed with a HewlettPackard HPLC system equipped with a Hewlett-Packard 1040A photodiode array detector and a Waters Bondapak G 8 column. The elution was performed with a combination of gradient and isocratic elution with water and methanol. The pigments were identified by their retention times and absorption spectra.
Nucleotide sequence accession number. The sequences of the genes shown in Fig. 1B have been assigned EMBL accession number X82458.
RESULTS
The positions and approximate limits of the carotenoid genes within the photosynthetic gene cluster of R. sphaeroides have been determined previously by localized transposon Tn5 mutagenesis (13) . Twenty-five of the resulting Tn5 insertion mutants have been used in this study ( Table 1) . Analyses of the crtI and crtB genes of R. sphaeroides have been presented elsewhere (31) and will be discussed only briefly here.
Nucleotide and deduced amino acid sequences of the carotenoid gene cluster in R. sphaeroides. (i) Ribosome binding sites, translational starts, and putative promoter sequences. A 9-kb region including all the known carotenoid genes of R. sphaeroides (Fig. 1B) was sequenced on both strands of the DNA. This region was found to contain eight complete open reading frames (ORFs) that conform to a compiled codon usage table for R. sphaeroides photosynthesis genes and with a strong third position GC bias (15) , and this sequence was found to be continuous with the previously published sequence of the R. sphaeroides bchCXYZ region (34) at bp 9049.
The initial gene assignment of these ORFs is based on the map of the R. sphaeroides photosynthetic gene cluster produced by Coomber et al. (13) and on the alignment with the R. capsulatus carotenoid gene cluster. Putative translation starts for these ORFs are based on the codon usage, the GC bias, and the presence and position of a Shine-Dalgarno ribosome binding site that is homologous to the 3Ј end of the R. sphaeroides 16S RNA (18) . Where it is not possible to distinguish between possible start codons because of their similarity or close grouping, the deduced amino acid sequence is based on the initiation of translation occurring at the first of the possible start codons.
GTG initiation codons are proposed for the translation of both crtC and crtD. In both cases, this is due to the position of possible ribosome binding sites and, in the case of crtC, the absence of alternative ATG starts. The use of a GTG codon for initiation of translation rather than an ATG codon, although unusual, is not unknown; indeed McGlynn and Hunter (34) propose a GTG initiation codon for the bchC gene. It is also interesting that Armstrong et al. (3) propose GTG start codons for both crtI and crtF in R. capsulatus and Stormo (45) observed GTG start codons in about 8% of E. coli genes.
The R. sphaeroides crtD gene in strain 2.4.1 has been sequenced (20) . The sequence for the strain in this report (NCIB 8253) differs from the published sequence at several points, although not sufficiently to cause any frameshifts, and these small changes may be due to strain differences. The terminator TGA for crtA overlaps a possible initiation codon for the next ORF downstream of crtA, which is the bchI gene (22a). The same overlapping arrangement for the bchI and crtA genes has been proposed for R. capsulatus (4) .
Putative promoter sequences with significant homology to the oxygen regulated puf promoter were found upstream of crtI and crtB (31) and crtF (Fig. 2) . E. coli 70 -like promoter sequences were found for crtA, crtD, and crtE (Fig. 2) .
(ii) Properties of the carotenoid gene products. Analyses of the deduced amino acid sequences of crtA, crtC, and crtF, using hydropathy plots (29) (results not shown) and the Klein algorithm (27) , indicate that these are largely hydrophilic proteins lacking any possible membrane-spanning regions. CrtD is also largely hydrophilic, but analysis with the Klein algorithm suggests two possible integral membrane regions. Hydropathy plots of the deduced amino acid sequences of crtE and crtB suggest that these are slightly hydrophobic proteins, and analysis with the Klein algorithm suggests that CrtB contains one integral membrane region and that CrtE possesses five possible integral membrane regions. Analysis of the crtI deduced amino acid sequence revealed a largely hydrophilic protein with two integral membrane regions. Hydropathy plots of the deduced amino acid sequence of crtK reveal a highly hydrophobic protein, and the Klein algorithm indicates five possible integral membrane regions which include the majority of the protein.
(iii) Evolutionary conservation and structural similarities of deduced peptide sequences. All homologies were identified by using the Genetics Computer Group Fasta program to search GenBank, EMBL, and Swissprot databases.
The evolutionary conservation of crtE, crtB, crtI, and crtD genes has been discussed in detail elsewhere and will not be covered here. The R. sphaeroides crtK gene product shows good homology with bovine, human, and rat benzodiazepine receptor proteins as observed between R. capsulatus CrtK and the rat benzodiazepine receptor (5) . R. sphaeroides CrtF shows a high degree of conservation with the deduced amino acid sequences of plant and bovine O-methyltransferases.
R. sphaeroides crtA is approximately 300 bp longer than the closely related R. capsulatus crtA gene. The additional C-terminal region of the R. sphaeroides crtA gene encodes a prolinerich, hydrophilic tail with a repeated (AP) n motif (Fig. 3) .
(iv) Transcription termination signals. A search for factorindependent transcription terminators (see reference 37 for a review) revealed no such structures at the 3Ј end of the crtA gene. This was also found to be the case for the crtI gene, although two possible transcription terminators were found downstream from the 3Ј end of the crtB gene (31) . There are two strong transcription terminators in the noncoding region between crtK and crtC (Fig. 2) . The putative transcription terminator starting on the top strand at bp 4411, which could serve as a terminator for crtK, has a ⌬G (25ЊC) of Ϫ35.2 kcal (1 cal ϭ 4.184 J), and the putative transcription terminator on the bottom strand starting at bp 4477, which could serve as a terminator for crtC, has a ⌬G (25ЊC) of Ϫ22 kcal, as calculated by the rules of Tinoco et al. (48) . No transcription terminators could be found for crtD or crtF, but a possible transcription terminator can be found downstream of the 3Ј end of crtE, starting at bp 8031 (Fig. 2) , which has a ⌬G (25ЊC) of Ϫ19 kcal (48) .
Production of a sequence-specific Tn5 insertion map. All of the carotenoid mutant strains used in this study were produced by mating pSUP202-derived plasmids containing sections of R. sphaeroides DNA with a Tn5 insertion into wild-type R. sphaeroides. In each plasmid, the point of Tn5 insertion was determined by sequencing out of the left inverted repeat of Tn5. Southern blot analysis of a sample of mutants was performed, which verified that the positions of the Tn5 insertions in the plasmids used for sequence analysis were the same as those in the mutant strains generated by these plasmids (results not shown) so that a sequence-specific Tn5 insertion map could be produced, accurate to 1 bp (Fig. 4) . Analyses of mutants by absorption spectroscopy at 77 K. A selection of Tn5 insertion mutants and the wild type were grown semiaerobically in the dark, and ICM were isolated on a discontinuous sucrose density gradient. Low-temperature (77 K) absorption spectra were recorded for membranes isolated from each strain (Fig. 5) . Although spectra B to E have already been published (32), they are included here to demonstrate the pattern of LH2 complex formation in response to changes in carotenoid composition, brought about by mutations in progressive stages of the carotenoid biosynthetic pathway.
The distinctive wild-type absorption spectrum (Fig. 5G) contains three easily distinguishable peaks in the near-infrared region; the peaks at 800 and 855 nm are attributable to the LH2 complex, and the absorbance at approximately 890 nm, which appears as a shoulder on the 855-nm peak, arises from the LH1 complex. The 450-to 570-nm region contains absorbance peaks for colored carotenoids bound to the photosynthetic complexes.
The absorption spectra of TC27 (crtE), TC70 (crtB), and TC72 (crtI) (Fig. 5A to C) are all clearly lacking the two peaks of the LH2 complex; the remaining small peak at 800 nm is from the reaction center. These spectra contain no peaks attributable to colored carotenoids, and TC27 also has a significantly reduced LH1 peak. TC40 (crtC) and TC18 (crtD) absorption spectra ( Fig. 5D and E) both contain the LH2 absorption peaks as well as three additional peaks in the 450-to 570-nm region, indicating the presence of colored carotenoids, although the composition is not the same as in the wild type. TC60 (crtA) (Fig. 5F ) has a carotenoid spectrum comparable with the wild-type spectrum, but the LH2 855-nm peak is substantially reduced relative to the LH1 absorption peak.
It should be noted that the absorbance of phytoene lies outside the spectral range chosen here.
Ultrastructural analysis of carotenoid mutants. In addition to obvious spectral differences, there is also a change in the ICM structure of the mutants lacking colored carotenoids (32) . An electron micrograph of wild-type cells of R. sphaeroides shows that these cells possess a vesicular ICM structure which appears spherical in cross section (Fig. 6C) . TC27, a crtE mutant, is lacking any significant ICM system, although there appear to be some large spherical structures which could con- tain lipid deposits (Fig. 6A) . This mutant is also lacking the LH2 complex, as demonstrated by the absorption spectra (Fig.  5A) . When colored carotenoids are present and the LH2 complex is also present, the membranes return to the wild-type vesicular structure (32) . It is interesting that in TC60, a crtA mutant, although there is a significant reduction in the levels of assembled LH2 complex as seen in the absorption spectra (Fig.  5F) , there still appears to be sufficient LH2 complex present to retain the wild-type ICM structure (Fig. 6B ). Ultrastructural analysis of crtI, crtB, crtC, and crtD mutants has already been discussed (32) .
HPLC analysis of carotenoid Tn5 insertion mutants. HPLC
analyses of all the carotenoid Tn5 insertion mutants, grown under semiaerobic conditions, were used to confirm the gene assignment for all of the proposed carotenoid genes except crtK and crtF, since no Tn5 insertions were found in these regions ( Table 2 ). The wild-type R. sphaeroides strain accumulates spheroidenone and spheroidene under semiaerobic growth conditions and contains normal levels of bacteriochlorophyll. According to the proposed carotenoid biosynthetic pathway (Fig. 1C) , crtE mutants will accumulate no colored carotenoids. These mutants are also not able to synthesize bacteriochlorophyll, since the synthesis of phytol is disrupted, and so these mutants would be expected to accumulate bacte- The mutants TC26, TC27, TC29,  TC30, TC31, TC32 , and TC48 fall into this category. According to the base-specific Tn5 insertion map (Fig. 4) , these insertions all lie within the same ORF, thus confirming its proposed identity as crtE. Two other insertions, TC24 and TC25, also lie in this region. Both of these mutants accumulate bacteriochlorophyll intermediates but also accumulate traces of spheroidenone and therefore may represent leaky mutants; the reason for this is not known. crtB and crtI mutants should both synthesize bacteriochlorophyll, and while crtB mutants contain no carotenoids, crtI mutants should accumulate phytoene. TC44, TC47, and TC70 all lie within the open reading frame proposed to form crtB and, as expected, fail to accumulate any carotenoids. TC67, TC69, TC71, and TC72, however, accumulate phytoene and lie within the ORF proposed to form crtI. These mutants thus confirm the identity of crtI and crtB.
The two mutants with insertions in the proposed crtC gene, TC15 and TC40, both contain neurosporene as the major carotenoid, although TC15 also contains a trace of spheroidenone and may represent another leaky mutant; again, the reason for this is not known.
The two insertions in the 5Ј end of crtD, TC18 and TC21, accumulate both methoxy-and hydroxyneurosporene, in addition to neurosporene. The two mutants in the proposed 3Ј end of crtD, TC12 and TC35, accumulate spheroidenone, and while TC12 accumulates bacteriochlorophyll intermediates, TC35 contains no bacteriochlorophyll at all. So although the identity of crtD is confirmed by HPLC analysis, the putative 3Ј end of crtD appears to be involved in bacteriochlorophyll biosynthesis rather than carotenoid biosynthesis.
The two mutants with insertions in the proposed crtA gene, TC52 and TC60, both accumulate spheroidene and hydroxyspheroidene, as expected, since the CrtA enzyme catalyzes the oxidation of the carotenoid pigments spheroidene and hydroxyspheroidene.
DISCUSSION
The carotenoid gene cluster in R. sphaeroides appears to include eight ORFs; five have been identified as encoding enzymes involved in carotenoid biosynthesis, and one has been found to encode an enzyme of the general isoprenoid pathway. The remaining two ORFs were identified as crtK and crtF by comparison with R. capsulatus (3), since no Tn5 insertions were found in these regions. The organization of the carotenoid genes in R. sphaeroides is similar to that of the closely related bacterium R. capsulatus. The direction of transcription of the genes is based on the codon usage and GC bias, the presence of ribosome binding sites and start codons, and alignment with the R. capsulatus carotenoid gene cluster (3) .
The crtE gene is 867 bp long and encodes a protein with a deduced M r of 30,088. Recent studies of Erwinia spp. (33, 39) have shown that the crtE gene encodes GGPP synthase, an enzyme of the general isoprenoid biosynthetic pathway. HPLC analysis of insertion mutants in the crtE gene (Table 2) supports its identity as the R. sphaeroides GGPP synthase. Ultrastructural analysis of one crtE mutant, TC27 (Fig. 6A) , shows a mutant lacking any significant ICM system, and spectroscopic analysis demonstrates a lack of any assembled LH2 and a significantly reduced LH1 complex (Fig. 5A) . The lack of colored carotenoids revealed by both HPLC and spectroscopic analyses has been demonstrated to be responsible for the lack of assembled LH2 complex and the consequent disruption of the ICM system (32) , and the additional impairment in bacteriochlorophyll demonstrated by the HPLC analysis will greatly restrict assembly of the LH1 complex. Analysis of the secondary structure of the deduced amino acid sequence suggests that, like the R. capsulatus CrtE, this is the second most hydrophobic polypeptide in the carotenoid gene cluster, with five possible integral membrane regions, suggesting that it functions as a membrane-associated protein, similar to the Cyanella CrtE enzyme (35) .
The crtK gene is 473 bp long and encodes a protein with a deduced M r of 17,854. Analysis of the secondary structure of the deduced amino acid sequence of crtK reveals a highly hydrophobic protein with one long integral membrane region of 26 amino acids and four other possible membrane-spanning regions which include the majority of the rest of the protein. In R. capsulatus, CrtK is more hydrophobic than any known integral membrane polypeptide (3). It is possible that CrtK could insert into the ICM to form a membrane attachment point for other carotenoid biosynthesis enzymes, in particular CrtC, CrtF, and CrtA, which are largely hydrophilic and lack any predicted membrane-spanning regions. CrtD possesses one short integral membrane region, and CrtI and CrtB both have predicted integral membrane regions which would allow them to associate with CrtK, thus forming a carotenoid-synthesizing supercomplex.
Homology between R. capsulatus CrtK and rat benzodiazepine receptor protein was observed by Baker and Fanestil (5), and they conclude that these proteins are homologs descended from a common ancestor. They also suggest that CrtK may play a role in the coordination of carotenoid and bacteriochlorophyll biosynthesis and/or assembly into the photosynthetic membrane. According to Woese (53) , R. sphaeroides and R. capsulatus belong to the subdivision of purple bacteria that is the likely source of the endosymbiont that gave rise to the mitochondrion. Interestingly, in mammals the peripheral-type benzodiazepine receptor is located in the mitochondria.
The crtC gene is 836 bp long and encodes a protein with a deduced M r of 31,088. The CrtC enzyme catalyzes the production of hydroxyneurosporene from neurosporene (42, 55) and also catalyzes the production of hydroxyspheroidene from spheroidene. HPLC analysis of two Tn5 insertion mutants in this region shows that they both accumulate neurosporene as their major carotenoid (Table 2 ). Spectroscopic and ultrastructural analyses of one of these mutants, TC40, show that it possesses wild-type levels of LH2 (Fig. 5D ) and has a normal vesicular ICM system (32) , which is consistent with the theory that colored carotenoids are required for assembly of the LH2 complex (32) .
The crtD gene is 1,227 bp long and encodes a protein with a deduced M r of 48,557. The CrtD enzyme catalyzes the desaturation of hydroxyneurosporene and methoxyneurosporene to yield demethylspheroidene and spheroidene, respectively (42, 55) . HPLC analysis of two Tn5 insertion mutants in the 5Ј end of the crtD gene, TC18 and TC21, shows that they both accumulate hydroxyneurosporene and methoxyneurosporene in addition to neurosporene. In contrast, HPLC analysis of the two insertion mutants in the 3Ј end of crtD, TC12 and TC35 ( Table  2 ), shows that they both accumulate wild-type carotenoids, so the function of the crtD gene has clearly not been disrupted; however, neither of these mutants synthesizes bacteriochlorophyll. It is possible that the C-terminal region of the CrtD protein is not necessary for its function as a carotenoid biosynthesis enzyme since mutations in this region result in the production of wild-type carotenoids; this also indicates a lack of polarity on the downstream crtC gene, although this could be a result of the well-known ''promoter out'' activity of Tn5. However, the concurrent loss of ability to synthesize normal bacteriochlorophyll cannot be explained by promoter out ac-tivity, and it is possible, therefore, that this C-terminal region of CrtD is involved in the coordinate synthesis of bacteriochlorophylls and carotenoids, possibly acting as an attachment point for bacteriochlorophyll-synthesizing enzymes or substrates within a multienzyme complex attached to the membrane via CrtK.
The crtF gene is 1,130 bp long and encodes a protein with a deduced M r of 40,227. The CrtF enzyme is responsible for the O methylation of carotenoids (41), catalyzing the production of methoxyneurosporene from hydroxyneurosporene and of spheroidene from demethylspheroidene. No Tn5 insertions were found in this region (13) , and there is some evidence that mutations in crtF are deleterious to the cell (47) . DNA methyltransferases transfer a methyl group from the cofactor Sadenosyl-L-methionine (SAM) to adenine or cytosine residues. SAM binds to the catalytic site, which forms a hydrophobic cleft in the center of the protein displacing a phenylalanine residue (12) . Labelling experiments with R. sphaeroides have demonstrated that the introduction of the methyl group by CrtF arises conventionally, by transfer from SAM (43) . An alignment of 30 DNA methyltransferases revealed a highly conserved Phe residue which is proposed to be part of the binding domain for SAM, such that the Phe residue protects the hydrophobicity of the SAM binding site and is pushed out of the way by SAM (44) . Changing the conserved Phe residue to other hydrophobic amino acid residues by site-directed mutagenesis results in the elimination of SAM binding (22) . Deduced amino acid sequences from one mammalian and two plant O-methyltransferases were aligned with the deduced amino acid sequences of R. sphaeroides and R. capsulatus CrtF, and they show a high degree of sequence identity with a large number of fully conserved residues. The most highly conserved regions found in these O-methyltransferases included the motifs DVGGGTGA and FDLPHV. The former is the same as the motif 1 identified by Kagan and Clarke (26) as being highly conserved in SAM-dependent methyltransferases, and they propose that it contributes to the binding of SAM. It is possible, therefore, that in CrtF these two regions are involved in cofactor binding and that the fully conserved Phe residue is involved in protecting the hydrophobicity of the binding site.
The crtA gene is 984 bp long and encodes a protein with a deduced M r of 36, 364. The protein encoded by the R. sphaeroides crtA gene is approximately 100 amino acids longer than the R. capsulatus CrtA protein. CrtA catalyzes the oxygenation of spheroidene and hydroxyspheroidene to yield spheroidenone and hydroxyspheroidenone, respectively, under aerobic and semiaerobic conditions. In the absence of oxygen, spheroidene and hydroxyspheroidene are produced (41) . HPLC analysis shows that TC52 and TC60 (Table 2) , which each have Tn5 insertions in the proposed crtA gene, both accumulate spheroidene as their major carotenoid, demonstrating that the oxygenation of spheroidene is blocked.
The additional region in R. sphaeroides is at the C-terminal end of the protein and forms a proline-rich hydrophilic tail. Proline-rich regions of proteins occur widely in both prokaryotes and eukaryotes and are frequently found as multiple tandem repeats, often of considerable length (52) . The prolinerich region of crtA contains the tandem repeat EAPKP, which is repeated three times, and also contains the motif (AP) n or (PA) n (Fig. 3) . The mixed Ala/Pro sequence has more mobility than either an all-Ala or an all-Pro sequence (49) . Nuclear magnetic resonance studies have shown that (AP) n presents a rather stiff ''elbow hinged'' peptide chain, which, in the case of myosin light-chain kinase, has been likened to ''the tail wagging the dog'' (7) such that the positively charged N terminus is given a fairly defined spatial position with respect to the myosin core (1) . In proteins with (XP) n and (XPY) n sequences (where X and Y are any amino acid residue), the proline-rich region functions as a stiff ''sticky arm'' binding rapidly and reversibly to other proteins or substrates. In this way, proline does not merely act as a spacer but has an important role in binding as well, although clearly the binding generated cannot be highly specific (52) . If CrtK forms a membrane attachment point for a carotenoid-synthesizing supercomplex, it is also possible that the proline-rich C-terminal tail of CrtA projects out from this supercomplex and binds cofactors or other substrates for use in the oxygenation of carotenoids.
The sequence for R. capsulatus crtA published by Armstrong et al. (3) has since been shown to be in error, and the corrected sequence has now been submitted to GenBank (accession number Z11165). In the corrected sequence, the stop codon of the crtA gene overlaps the start codon of the downstream bchI gene, belonging to the bchID operon, and Young et al. (57) propose that this is an example of superoperonal organization of genes in R. capsulatus. In spite of the additional C-terminal sequence of the R. sphaeroides crtA compared with R. capsulatus crtA, the same arrangement of overlapping codons exists for crtA and bchI. No termination signals could be found downstream from the 3Ј end of crtA, and it is therefore possible that transcription of crtA continues into the bchID operon. Spectroscopic analysis of TC60, a crtA mutant, shows a reduction in the levels of LH2 complex assembled in this mutant (Fig. 5 ) which can be relieved by a plasmid containing the bchID genes transcribed from an independent promoter. Thus, the Tn5 insertion in TC60 depresses transcription through bchID, and it is likely that crtA, bchI, and bchD have the same promoter (22a). Brown et al. (9) found that mutants unable to synthesize bacteriochlorophyll could not form ICM vesicles, and although HPLC analysis confirms that bacteriochlorophyll is still being synthesized in TC60, a reduction in the amount of bacteriochlorophyll produced could have a destabilizing effect on the LH2 complex. This indication of polarity of mutations in crtA on bchID supports the proposal for a crtA-bchID operon in R. sphaeroides.
The crtE gene product has recently been reassigned as GGPP synthase (33, 39) . The synthesis of GGPP is part of the general isoprenoid pathway and is not specific to photosynthesis (8) . A mutation in this gene should be lethal since it would prevent synthesis of the isoprenoid tail of quinones and thus prevent electron transport. It is possible therefore that in R. sphaeroides, more than one GGPP synthase gene exists, and that the crtE gene is specifically assigned to synthesizing the precursor for carotenoids and bacteriochlorophyll. Several studies have supported the idea that in R. capsulatus, the crtEF-bchCA-pufQBALMX genes are transcriptionally linked in one large superoperon (6, 50, 51, 56) , and this might provide a way of coregulating GGPP synthesis by CrtE and bacteriochlorophyll synthesis, the levels of which can rise up to 100-fold under certain conditions. It should be noted, however, that in R. sphaeroides, putative promoter sequences have been located for both crtF (Fig. 2) and bchC (34) which show good homology to the strong, oxygen-regulated puf promoter (27) , suggesting that these genes may also be regulated by oxygen. There is also a much larger gap between the crtE and crtF genes in R. sphaeroides, 52 bp compared with 2 bp in R. capsulatus (3), and there is a possible transcription termination signal downstream of crtE (Fig. 2) . This finding suggests that crtE synthesizes an independent transcript directed by the 70 -like promoter upstream of crtE (Fig. 2) and that transcription of crtF is directed by its puf-like promoter, possibly continuing into the downstream bch and puf genes. This point warrants further investigation.
